In this paper we analyze a design and development process of a product or a knowledge-base using complexity and present a methodology to search a sequence using the active complexity, a measure of dynamically changing undefined information. We observe that the information content and parametric interaction of each design process evolve and each design process shows a distinct evolutionary pattern of design information. We analyze such an evolutionary aspect of the design process using complexity theory and optimize it for the minimum active complexity. The obtained optimum design process provides a development sequence with the minimum undefined attributes, which could be used as useful guidance in the product design and assembly planning. We illustrate our approach with examples
Introduction
Engineering design may consist of three steps as illustrated in Fig. 1 (1) : design problem, where the requirements that a final product should fulfill are defined; the design process, which is the methodology used to solve the design problem; and the designed artifact or a system, which is the result of the design process and the final product of the design satisfying the design requirements. These three steps are tightly related, interact with each other, and/or form an iterative loop to reach a design artifact which satisfies all design requirements. Fig. 1 . Overview of design cycle (1) The design process in general consists of multiple steps to reach a design artifact. It can be understood as an iterative process with decomposition and mapping between problem definitions to artifacts (2) - (4) . In other words, the design process is an asynchronous definition and/or integration of several elements, i.e. physical geometry, materials, manufacturing processes, assembly, and packaging that meet or exceed the requirement specifications (5) .
The design cycle in Fig. 1 may generate more than one design artifact defining the design space, and each design artifact may also be associated with multiple design processes, which define the design process space as shown in Fig. 2 . Suppose that we have a set of design requirements and n design artifacts through m design processes as shown in Fig. 2 . Assume that using a certain procedure, the i-th artifact has been chosen as our final product. The artifact consists of multiple elements interacting with each other in a complicated manner. Each element does not have to be a physical entity. It could be given as a conceptual one only defining necessary attributes used by other elements. For the i-th design artifact, we have multiple design process sequences (P i1 , P i2 , … , P ij ) where 1 ≤ i ≤ n, 1 ≤ j ≤ r, and r is the number of design processes to yield the i-th design artifact. The design process is evolutionary in that as the process continues, necessary information to define each element will increase and uncertainty will decrease (2) .
When we resolve uncertainties in all elements, we yield an instance of design, namely, a design artifact. However, during the design process, uncertainty exists and a set of elements needs to be defined. It is obvious that the more uncertainty do we have, the more difficulty do we experience to proceed with the integration of the elements. Therefore, a proper selection of one sequence out of r candidates becomes an important issue in planning product construction or development and minimum uncertainty is a criterion of our choice. In relation to research on the design process, Clarkson and Hamilton (6) proposed a parameter-based model, so called the signposting model, which uses expert knowledge of design tasks and discussed information evolution during the design process. We would like to refer the readers to Refs. (6) and (7) for comprehensive reviews of process design models. Such an evolutionary aspect of design information during the design process can be described by using complexity theory. Complexity is defined in a variety of ways in different disciplines (1) and (8) . Simon (9) argues that complexity is a property of a system which consists of many parts interacting with each other and whose emergent behavior is hard to understand due to the hierarchical nature of the system. Another popular way to measure complexity is to consider the amount of information that a system may contain (10) . This notion of complexity is based on Shannon's information theory and has been used to various applications for measuring complexity of a system. Information theory says that the amount of information does not depend on the particular state of a system, but information is actually contained in the distinction between one state of a system and the other states that the system may have (10) .
This information can be quantified based on the entropy of information, which is used as a measure of complexity (10) . Suh (11) - (13) defines complexity as a measure of uncertainty in achieving a set of functional requirements, which may result from the poor design or insufficient understanding of a system. This measure of complexity relates the amount of information that a designer can access to the probability which the designer can reach a valid solution with. It can be reiterated as "the more information is required to achieve the functional requirements of a design, the greater is the complexity of the design". El-Haik and Yang (14) extend the theory by Suh (11) - (13) . Based on this fundamental idea for complexity, many researchers have proposed different forms of complexity in system design and analysis. The analysis of complexity for the design process was performed by several researchers in Refs. (1), (3) and (15)- (19) . The size aspect of a system, such as the number of elements or variables, is directly related with the amount of information contained in the system (5) . The more elements are in a system, the greater is the size complexity (10) . Although the size itself plays a significant role, how the elements of a system interact with each other also influences the system complexity. Such an interaction is closely related with the links among the elements and can be conceptualized by coupling (1) , the density of interactions (20) , and the bandwidth (21) . These size and link aspects of complexity can describe the complexity of a system and provide a comprehensive picture of the system in terms of complexity (1) , (20) .
The previous work on the design process analysis based on complexity is mainly focused on the calculation of complexity of the design process for comparison purposes (1) .
We claim that the analysis of the design process can benefit significantly if we consider an evolutionary complexity of information for analysis of the design process. The complexity evolution can provide more insights of the design process than the simple design information change since it not only captures the change of design information but also reflects how the interactions among elements change. By knowing the information complexity and the parametric dependency at any point during the design process, we can keep track of evolution of complexity. In Ref. (5), we observe that the information contents and parametric interactions of each element for each design process sequence evolve and each design process shows a distinct evolutionary pattern of the size and the link complexity. Such a pattern of the sequence is characterized by interactions among elements involved in the process. Therefore, in this work we propose a method to analyze the sequential aspect of possible design processes from the complexity view point and provide a method to evaluate them for the optimum choice with respect to the minimum uncertainty criterion using complexity. This paper is structured as follows: in Section 2, the active complexity is defined based on the axiomatic design complexity theory. Section 3 describes the mathematical formulation of the design process optimization, which is followed by implementation of the optimization solution with an XML-based formalized process representation method in Section 4. In Section 5, the proposed method is applied to examples and Section 6 concludes this paper with discussions and future work.
Active Complexity
In Ref. (5), the size and the link complexity measures are defined and used for the analysis of the structure of a knowledge-base and the evolutionary aspect during product development. They identified the static and dynamic nature of the defined attributes and quantified it using the size and the link complexity measures to describe the change of design information. However, it is noticed that undefined attributes can be directly related with the notion of complexity. Therefore, we consider undefined attributes and their dynamic behaviors in terms of complexity in this paper. Since the previous work in Ref. (5) only measures the size and the link aspects of complexity contributed by defined attributes in each element, we cannot efficiently capture how undefined attributes and links behave during evolution. So in this paper emphasis is placed on the analysis of the evolutionary nature of undefined attributes and we introduce a new definition of complexity for undefined attributes in this section.
Definition
Consider a system which consists of more than one element. Each element is designed to achieve a set of functional requirements by properly defining a set of attributes, operations, etc. Once all elements are defined, then the system can achieve functional requirements imposed on the system. In this framework, we adopt the axiomatic design complexity definition by Suh (12) - (13) , where the complexity is defined as a measure of uncertainty in achieving a desired set of functional requirements. It is more clearly interpreted by Lee (22) ; it is a measure of un-likelihood of achieving desired functional requirements. Suh defines the complexity, I, as a logarithmic function of the probability of achieving the functional requirements (12) - (13) :
where P {m} is the joint probability that all m functional requirements are satisfied. From such definitions it is derived that complexity is related to information content by arguing that the greater the information required to achieve the functional requirements of a design, the greater is the information content, and thus the complexity (12) . Therefore the complexity in this context measures the amount of information necessary to achieve functional requirements of a design. This notion of complexity is consistent with an amount of the undefined information which is needed to completely define the design artifact at each stage of the design process.
During the design process, we need to define each element in a certain order. But the sequence of construction should be governed by inter-relationships between elements. If elements involve no interaction with others, no specific sequence will be preferred and even parallel construction can be performed. When there are interactions between elements, they may drive a certain sequence or an integration order of element definition to reach a design artifact while maintaining uncertainty to a minimum during the design process since some elements are required to be defined in advance in order for a certain element to be defined correctly. This observation motivates the definition of the active complexity. Based on the definition given in Refs. (1) and (10), we define the active complexity as the amount of undefined information (uncertainty) of the elements that have been integrated up to a certain stage of integration of the elements during the design process. Suppose that the amount of undefined information of the i-th element at the k-th step of an integration sequence is V k Ui . Then the active complexity at the k-th step of the integration order, denoted as
where one is added to V k Ui to prevent k U C from having the negative infinity value when there is no undefined information, i.e. V k Ui . = 0. Depending on the construction sequence, we may compute different active complexity values because interactions between elements are different and a different construction sequence will yield a different pattern of change of information contents. The active complexity has a dynamic nature because during the construction sequence each attribute needs to be defined dynamically which is subject to the current status of other attributes and logical or conditional operations describing each element. Figure 3 illustrates an artifact consisting of three elements with inter-elemental references. The attribute a in Element 1 will be defined only if both c in Element 3 and b in Element 2 are defined. This structure indicates that starting with Element 1 will contain an undefined attribute, leading to high active complexity during development process. On the other hand, if we define Element 3 first and proceed with Element 2 and Element 1, then we keep the active complexity to a minimum. This example illustrates that a particular order of development will maintain the active complexity to a minimum. Following this order, we can minimize uncertainty in defining each element, leading to an optimum development sequence in terms of minimum information complexity. Searching such a development order is the main problem of this paper.
Relation with Other Complexity Measures
The static and the dynamic complexity measures are introduced in Ref. (5) . In this section, we investigate a relation between the active complexity, and the static and the dynamic complexity.
The static complexity describes the structure of a given design. Namely, once a design is done, the overall structure, the size and dependency between attributes and elements, is determined (5) . Suppose that we have an artifact represented with E number of elements. We denote the static complexity at the k-th step in the development sequence as k s C , which is given as follows (5) :
where V i is the total number of attributes used in the i-th element. The dynamic complexity depends on the dependency between attributes and elements. Therefore, depending on the development sequence, the defined attributes will dynamically change. Such a change may not be easily revealed from the structure alone. Instead, we need to trace it at each development step. Once all elements are integrated, then the dynamic complexity should be equal to the static complexity. Suppose that the number of defined attributes in the i-th element is denoted as V k Di at the k-th step of a development sequence. Then the dynamic complexity for size at the k-th step, k D C , is given as:
When k = E, then the dynamic complexity is equal to the static complexity. Suppose we denote the number of undefined elements in the i-th element as V 
Problem Formulation
In this section, we present a mathematical formulation of searching an optimum design process. The active complexity is used in this formulation as a measure for optimization. Since the amount of undefined information becomes the direct measure of the active complexity as in Eq. (2), for the sake of computational efficiency, we use the amount of undefined information without computing the active complexity.
Formulation
Suppose S is a set of n elements, S = {s 1 ,s 2 ,…,s n }. We define P as the set of n! permutations of S and p is one instance of P, which indicates one sequence of the n elements. For example, p would be p = s 2 s 3 s n …s 1 . Given p, we define Γ sequence is processed. Then, the optimization problem is to find one p such that
) ( (7) becomes minimal.
In this formulation, the set S represents a design artifact consisting of n elements. A permutation p indicates a sequence of construction or a design process to produce the artifact and p k Γ is a partial artifact which has been constructed using the first k elements in p. The function ) ( p k f Γ computes the amount of undefined information of the partial artifact containing the first k elements in p.
Solution
As the number of elements and the dependency patterns get more and more complex, then the manual trace of the active complexity becomes impossible. In addition, nested dependency between attributes may make the analysis intractable. Therefore, in order to solve Eq. (7) we need a systematic optimization tool.
The problem described in Section 3.1 is characterized as a combinatorial optimization, i.e. given a possible set of instances, we search one which optimizes the formulated problem. There may be a few approaches to attack this problem and in this paper we employ the simulated annealing method (23) - (24) , which is widely accepted as an efficient solution method for combinatorial optimization problems.
Implementation
In this work, we use the same method as in the authors' previous work (5) to represent an artifact or a system. For the representation of attributes and functions in each element, we use the XML based frame-slot structure. We also use an efficient algorithm to handle dynamic change of attributes in each element explained in Ref. (25) . In this section, we briefly introduce the method presented in Ref. (5) and describe the overall software structure for solving the problem given in Section 3.
Representation
The frame structure was originally proposed to represent a knowledge set (26) . In this paper, we use the similar representation scheme to describe the internal structure of each
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Vol. 1, No. 1, 2007 element using XML (5) . The XML tags used in representation are summarized in Table 1 . Table 1 . Descriptions of user-defined XML tags (5) . A frame defined in XML is interpreted by a knowledge processing unit (25) to generate a tree. It has a root node having section nodes as children. Each section node contains attributes which are also represented as trees. Dependency between attributes is made by using attributes' name. There exist two kinds of dependency in the frame-base representation: within a frame and across frames. An attribute defined as a slot in a frame can reference any other attribute within the same frame by just calling its name, i.e. slot. To reference an attribute in other frame both the frame and the attribute names must be specified in the following format, :frame_name.attribute_name. Dependency tracking and cyclic component detection are employed in the processing unit. Through dependency tracking, a change in an attribute propagates through a dependency chain created during frame interpretation and all the attributes involved in the dependency track are updated. The dependency chain is also used to detect a cycle. When a loop is detected, an error message is generated to warn the user of the existence of a cycle. This capability is critical to prevent the propagation of change from being trapped in an infinite loop. 
Software Implementation
The software consists of three major units as shown in Fig. 4 . The XML interpreter module receives input XML data, parses and stores them in a tree data structure. From this parsed data, an object for each element is created by the object management module, which also maintains each object status, updates changes made to an object and interacts with the evaluation kernel module. The evaluation kernel module performs expression interpretations and evaluations, referencing and tracking. It is designed to handle various forms of attributes including non-numerical values. The optimization module interacts with the object management module. For optimization, we use the simulated annealing method (23) , which is suitable for combinatorial optimization problems.
Applications
In this section we demonstrate our approach with examples and discuss the results of each case. We create a design artifact consisting of multiple elements each of which contains arbitrary attributes and interactions among elements, and then analyze it using the active complexity measure. Then we take a real working knowledge-base example developed for injection molding for analysis. Table 2 . Number of external references for each element
Analysis of Design Artifact
We first test our proposed approach with an example of a fictitious design artifact consisting of ten elements or frames that are referencing to each other in a fairly complex way as illustrated in Fig. 5 . Each element is assigned a unique number from one to ten for unique identification. .
The total number of external references between elements is 68, which is summarized in Table 2 . There exist nested references inside each element but they are not shown in the table and the figure. The elements in columns are referenced by the elements in rows and the letter 'X' means no external reference exists. The initial order of the development sequence is given randomly. Figure 6 (a) shows the change of the objective function values during optimization. After the optimization, we obtain the most probable global optimum sequence, (6,8,7,1,2,3,4 ,10,9,5) with the objective function value, 885. that when an artifact is developed, the attributes in Element 6 should be first defined in order for the attributes of the subsequent elements to be defined with the maximum amount of known information. Fig. 7 . The optimum value is 24.572, whose corresponding sequence is the same as the one obtained in Fig. 6 (a) . As shown in Section 2.2, optimizing either
reaches the same answer.
Analysis of Knowledge-base
A knowledge-base in general consists of domain specific knowledge sets, each of which is defined with models, rules, constraints and parameters and interacts with others. Each knowledge set is treated as an element and the aggregate of all elements, namely, the fully developed knowledge-base as a design artifact. At each design process step, related domain knowledge sets should be defined and integrated to form a complete knowledge-base. So it can be easily understood that there exist more than one design processes to reach the knowledge-base. In this section, we take an already developed knowledge-base (5) as a design artifact and analyze it using the proposed method in this paper.
Knowledge-base Representation
We employ the frame-slot architecture presented in Section 4.1 to store the parameters, arithmetic expressions and mathematical functions as well as constraints describing design. This frame-slot architecture is a good way to represent a design knowledge-base since under this architecture engineering design knowledge can be easily formalized and stored as mathematical expressions, functions and a set of constraints.
Analysis of Knowledge-base for Injection Molding Process
The knowledge-base describes five domain specific elements, each of which entails specification of materials, tools, geometry, process and cost economics (5) . Figure 8 shows a schematic diagram of the five elements of the knowledge-base. The arrows depict the data dependencies between elements. Properties of a material of the product are defined in 'Material' element and 'Tool' element contains parameters of the injection machine considered in the injection molding process. The surface area and volume of a product which are critical in estimation of cost are computed in 'Geometry' element. 'Process' element contains a knowledge set on the injection molding manufacturing process such as the part production cycle time and required machine capacity. The various costs such as the mold design cost, production cost, etc. are stored in 'Economics' element. The parametric dependencies between the design elements are summarized in Table 3 . In Ref. (5), the same knowledge-base was analyzed in terms of the static, the dynamic size and the link complexity, which capture how design information grows as the design process proceeds. However, in this work, we focus on each design process based on the evolution of the active complexity to search an optimum process.
As in Ref. (5) we consider three possible sequences for the process steps in order to evaluate complexity evolution during the design process. The first sequence is the geometry-first one in which geometry is defined first, and then the material and the process are defined. The second process considered is the material-first approach in which the material and the process are defined before the geometry and the last is the process-first approach in which the process is defined first followed by the material and the geometry. Table 4 shows the sequence of steps for each of the process sequences (5) . Table 3 . External dependencies between various design elements (5) We may consider alternative design process sequences such as the economy-first approach. However, the sequences considered in this example are three commonly used ones in practice. So we limit our problem domain to those three candidates.
Step Figure 9 shows how the active complexity evolves depending on each design process sequence. The vertical axis is the active complexity and the horizontal axis is the step number given in Table 4 . While the process-first sequence has monotonically decreasing number of undefined variables through the sequence, the material-first sequence has peak after the definition of the material and the process but without a definition of geometry. We find that the optimum sequence is to start with defining geometry, and subsequently to define material, process, tool and economics elements. It is implied that with a definition of the geometry of a product, the subsequent elements can be properly defined with the maximum amount of information, namely, the minimum amount of undefined attributes.
Concluding Remarks
In this paper, we present the concept of the active complexity to describe the dynamic behavior of design information of an artifact during the design process. The active complexity quantifies the amount of undefined attributes at each development step, which is a property inherent to each development sequence. Using this complexity measure, we formulate an optimization problem to search one sequence which yields the minimum active complexity through the simulated annealing process. The sequence with the optimum active complexity bears the minimum amount of undefined information at each development step, which may lead to the optimum development process plan of a design artifact.
The active complexity will give a novel perspective of how each element is interacting with others and how design information evolves during development, which can provide a different way of analyzing the design process. Analysis of design sequence process is beneficial in that in planning a process of a real product, the product can be developed with maximum design information at each step by following the optimum development process, which can be used for efficient time management for product development, resource allocation and optimum product development schedule development. It is demonstrated that the information complexity can be served as a useful tool in the analysis of a product development process and in addition be used as a driver for the optimum choice of a design process as opposed to the process selection of minimum cost. As future work it is recommended that the relation between complexity and other parameters such as cost and time be sought mathematically.
